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Summary
Repetitive nerve firings cause short-term depression
(STD) of release at many synapses. Its underlying
mechanism is largely attributed to depletion of a read-
ily releasable vesicle pool (RRP) and a decreased
probability of releasing a readily releasable vesicle
during an action potential. Which of these two mecha-
nisms is dominant and the mechanism that decreases
the release probability remain debated. Here, we re-
port that a decreased release probability is caused by
a calcium-induced inhibition of presynaptic calcium
channels, particularly P/Q-type channels at the calyx
of Held in rat brainstem. This mechanism was the do-
minant cause of STD in a wide range of stimulation
conditions, such as during 2 to 20 action potential-
equivalent stimuli (AP-e) at 0.2–30 Hz and after 2 to
20 AP-e at 0.2–100 Hz. Only during 100 Hz AP-e was
depletion the dominant mechanism.
Introduction
Repetitive firings cause short-term depression (STD) at
many synapses (Zucker and Regehr, 2002). By decreas-
ing the synaptic strength, STD plays an important com-
putational role in neuronal circuits (Abbott and Regehr,
2004). Because STD is a fundamental property of the
synapse, its underlying mechanisms have been inten-
sively studied in the past 5 decades. It is generally
agreed that the main mechanism is presynaptic, al-
though postsynaptic receptor desensitization may par-
ticipate in certain conditions (Von Gersdorff and Borst,
2002; Schneggenburger et al., 2002; Zucker and Re-
gehr, 2002). The presynaptic mechanism underlying
STD remains debated. Depletion of a readily releasable
pool of vesicles (RRP) is the most popular hypothesis
(Zucker and Regehr, 2002). This hypothesis has been
confirmed in certain strong stimulation conditions in-
cluding a hypertonic challenge and a prolonged depo-
larization at nerve terminals (Zucker and Regehr, 2002).
However, the RRP has not been systematically mea-
sured to determine whether depletion is the dominant
mechanism during mild physiological stimulation, such
as a few action potentials at various frequencies.
Recent studies at some synapses suggest that STD,
particularly paired-pulse depression (PPD), is indepen-
dent of depletion (Bellingham and Walmsley, 1999; Wal-
deck et al., 2000; Brody and Yue, 2000; Kraushaar and
Jonas, 2000; Chen et al., 2004). The mechanism that
causes STD without depletion is debated. It is largely
attributed to a decreased release probability of vesicles
in the RRP during an action potential (Betz, 1970; Silver*Correspondence: wul@ninds.nih.govet al., 1998; Wu and Borst, 1999; Chen et al., 2004),
although a decrease of the presynaptic quantal size un-
der conditions of elevated extracellular calcium con-
centration has also been suggested (Chen et al., 2004).
The mechanism underlying the decreased release
probability is unclear. Candidates include a decreased
sensitivity of the release machinery to calcium (Hsu et
al., 1996), a heterogeneous release probability of vesi-
cles in the RRP (Schneggenburger et al., 2002), and the
failure of action potential conduction at axonal
branches (Brody and Yue, 2000).
A decrease in the presynaptic calcium current (ICa)
during an action potential could also, in principle, re-
duce the release probability. It contributes to STD in-
duced by intensive stimulation, a prolonged (e.g., 10 s)
100 Hz firing at the calyx of Held (Forsythe et al., 1998).
The contribution was found only 5 s after stimulation,
and STD during 100 Hz firings was accompanied by
facilitation of the presynaptic ICa (Forsythe et al., 1998;
Borst and Sakmann, 1998; Cuttle et al., 1998). These
studies led to the current view that STD that is typically
induced by mild physiological stimulation (a few action
potentials at various frequencies) is not caused by ICa
reduction at calyces. However, whether ICa is de-
creased and thus causes STD during and after mild
physiological stimulation has not been systematically
studied. Here, we studied the mechanisms underlying
STD induced by a wide range of stimulation conditions,
including 2 to 20 action potential-equivalent stimuli
(AP-e) at 0.2–100 Hz at the calyx of Held. We found that
except during a 100 Hz AP-e train, a calcium-induced
inhibition of ICa, but not depletion, was the dominant
mechanism.
Results
A Decrease in ICa Causes PPD
An AP-e (1 ms pulse from −80 to +2 mV) applied to the
calyx induced an EPSC (5.3 ± 0.8 nA; n = 15; e.g., Figure
1A) similar to that induced by a presynaptic action po-
tential (Borst and Sakmann, 1996; Sun et al., 2002). The
voltage of the AP-e was slightly lower than what (1 ms
from −80 to +7 mV) we used previously (Sun et al.,
2002), likely because the access resistance was lower
(mostly <10 M) in the present work. When a pair of
AP-e was applied with various intervals, the 2nd ICa
charge recorded from the calyx was depressed at in-
tervals R50 ms (Figure 1A). ICa depression peaked at
intervals of 0.5–1 s, recovered in 10–20 s, and paralleled
the EPSC depression recorded at the same synapse
(Figures 1A and 1B). At the interval of 500 ms, the 2nd
ICa charge and EPSC were 77% ± 2% and 46% ± 7%
(n = 7; Figures 1A and 1B) of the 1st one, respectively.
At intervals of 10 and 20 ms, ICa was facilitated to
106% ± 1% (n = 6) and 102% ± 1% (n = 6), respectively
(Figure 1B, right), consistent with previous studies
(Borst and Sakmann, 1998; Cuttle et al., 1998).
To determine whether ICa reduction causes PPD,
pulses of 1 ms from −80 mV to various voltages (from
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634Figure 1. ICa Inhibition Causes PPD during Paired AP-e Stimulation
(A) Presynaptic ICa (upper) and EPSC (lower) induced by paired AP-e at 0.5 s interval (left, 1 and 2). These responses (1, black; 2, red) are
superimposed in a larger timescale (right; also applies to [D] and [E]). The holding potential was −80 mV throughout the study.
(B) The 2nd ICa charge (upper) and EPSC amplitude (lower, black), both normalized to the 1st response, are plotted versus the paired-pulse
interval at linear (left) or logarithmic timescale (right). The ICa charge was also raised to a power of 3.6 (red). Each data point was obtained
from four to six synapses. The error bars are the standard error of the mean.
(C) (Left) ICa and EPSC induced by 1 ms depolarization of 85 (black), 82 (blue), 78 (green), and 76 mV (red). The interval between each step
was more than 30 s. (Right) The relation between the normalized EPSC amplitude and the ICa charge (six synapses) was fit with a linear
regression line (slope = 3.6) in a double logarithmic scale.
(D) ICa (upper) and EPSC (lower) induced by paired AP-e (1 ms 82 mV depolarization) at 0.5 s interval (left, 1 and 2), and by a 1 ms 80 mV
depolarization (right, 3) applied 40 s later.
(E) ICa and EPSC induced by an AP-e (1: 1 ms, 82 mV), followed 0.5 s later by a 1 ms step depolarization by 85 mV (2). (A) and (E) were from
the same synapse.−10 to +10 mV) were applied. The interval between 2
tpulses was >30 s to avoid depression. The amplitude
(normalized) of the resulting EPSC was plotted versus (
the ICa charge (normalized, six synapses) in a double
logarithmic scale and fit with a linear regression line a
swith
1
EPSC = k ∗ (ICa)n (1) h
O
where k = 0.98, and n = 3.6 (Figure 1C) (Wu and Saggau, P
1997). The n value was similar to previous reports v
(3–3.7) at calyces (Borst and Sakmann, 1999; Wu et al., o
2004). Replacing Equation 1 with the measured 2nd ICa s
charge (normalized to the first one) during paired AP-e t
yielded the predicted EPSC (Figure 1B, red) that i
matched well with the observed 2nd EPSC (Figure 1B, E
black) at intervals R 100 ms. The match was based t
on Equation 1, in which n was obtained from synapses
different from those where PPD was examined. To con-
firm the match at the same synapse, a 1 ms pulse to a P
Ivoltage 2–5 mV less than an AP-e was applied without
a preceding pulse (>30 s). It evoked similar ICa (101% ±%; n = 6) and EPSC (95% ± 5%; n = 6) as the 2nd of
he paired AP-e (interval: 500 ms) at the same synapse
Figure 1D), confirming that ICa reduction causes PPD.
Our results suggest that ICa reduction causes PPD
t paired-pulse intervals R 100 ms (Figure 1B). This
uggestion is based on the assumption that Equation
applies to the depressed condition. If the assumption
olds, relieving ICa depression would relieve PPD.
therwise, relieving ICa depression would not relieve
PD. Thus, we tested the assumption by increasing the
oltage of the 2nd AP-e to 2–5 mV larger than the 1st
ne during paired AP-e with intervals of 200–500 ms,
o that the 2nd ICa charge was similar (97% ± 1% of
he 1st ICa; n = 5; Figure 1E) to the 1st one. The result-
ng 2nd EPSC was also similar (108% ± 9% of the 1st
PSC; n = 5; Figure 1E) to the 1st one, confirming that
he assumption holds.
PD Induced by Paired Action Potentials
n the experiments shown thus far, we used a 1 ms de-
polarization to mimic an action potential. Are the results
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To address this question, the AP-e was replaced with
an action potential waveform (APW) recorded from a
calyx (Borst and Sakmann, 1999; Sun et al., 2002).
When paired APW with an interval of 500 ms was ap-
plied to the calyx, the 2nd ICa and EPSC were de-
creased to 85% ± 2% and 58% ± 5% (n = 6; e.g., Figure
2A), respectively. These results were in the same order
as, but larger than, those induced by paired AP-e with
the same interval (ICa, 77% ± 2%; EPSC, 46% ± 7%;
n = 7; p < 0.05; Figure 1B). The difference might be due
to different stimulation protocols. Nevertheless, ac-
cording to Equation 1, PPD evoked by paired APW
could be fully accounted for by ICa reduction, similar
to PPD induced by paired AP-e. The EPSC induced by
the 1st APW (1.6 ± 0.3 nA; n = 6) was smaller than that
induced by an AP-e (5.3 ± 0.8 nA; n = 15) or an action
potential (6.0 ± 1.9 nA; n = 5), likely because of the
imperfect voltage clamp (see also Wu and Borst, 1999).
This was why we used an AP-e but not an APW.
We mimicked paired action potentials with identical
commands based on the assumption that the APW
does not change. To test this assumption, we induced
action potentials by injecting 2 to 20 current pulses
(2–4 ms, 0.2 – 0.3 nA) at 2–30 Hz in the current-clamp
mode. We did not observe significant changes in the
amplitude or the half-width of the action potential dur-
ing stimulation (e.g., Figures 2B and 2C). A pair of cur-
rent injections with an interval of 500 ms caused the
2nd EPSC to decrease to 55% ± 7% (n = 5; e.g., Figure
2B) of the 1st one, in the same order as that induced
by paired AP-e (46% ± 7%; n = 7) or paired APW (58% ±
5%; n = 6). When the current injection was repeated 10
to 30 times at 100 Hz, however, the action potential
amplitude decreased, but the half-width increased
(data not shown, but see Borst and Sakmann, 1999).
Such complex waveform changes result in little net
changes in ICa charge and release (Borst and Sak-
mann, 1999). Thus, changes in the APW contribute littleFigure 2. ICa Inhibition Causes PPD during
Stimulation with Action Potential Waveforms
(A) ICa (middle) and EPSC (lower) induced by
a pair of identical action potential waveforms
(Vm, upper) at the interval of 0.5 s at the volt-
age-clamp (V-clamp) mode. The 1st (black)
and 2nd (red) responses are superposed in a
larger timescale (applies to [B]).
(B) Presynaptic action potentials (Vm, upper)
and EPSCs (lower) induced by paired current
injection (0.25 nA, 4 ms; interval, 0.5 s) into a
calyx at the current-clamp (I-clamp) mode.
Notice that the 2nd (red) action potential
overlaps almost completely with the 1st one
(black).
(C) Presynaptic action potentials induced by
brief current injection (0.3 nA, 2 ms) at 30 Hz
at the I-clamp mode. Notice that the 20th
(red) action potential overlaps almost com-
pletely with the 1st one (black).
(D) Presynaptic action potentials (Vm, upper)
and calcium transients (lower) induced by
paired current injection (0.25 nA, 2 ms) with an interval of 500 ms. The calcium transient was averaged from ten traces and low-pass filtered
at 30 Hz. The amplitude of calcium transients was measured as the difference between the baseline and the mean value during 20–50 ms
after stimulation (pink lines). For the 2nd calcium transient, the baseline was corrected by subtracting a linear regression line (pink line), which
fits the calcium decay before stimulation.to the generation of STD.ICa depression observed at the voltage-clamp mode
predicts depression of the calcium influx at the current-
clamp mode. To test this prediction, a calcium indica-
tor, fura-2 (50 M), was added into the presynaptic pi-
pette solution for recording the volume-averaged
calcium concentration ([Ca2+]i). Paired-pulse current in-
jection (2 ms, 0.2–0.3 nA) with an interval of 500 ms at
the current-clamp mode induced a pair of action poten-
tials and calcium transients (Figure 2D). Consistent with
a previous study (Wu et al., 1999), the amplitude of the
1st calcium transient was 37 ± 4 nM (n = 6). The ampli-
tude of the 2nd calcium transient was 84% ± 2% (n =
6) of the 1st one (see Figure 2D for methods of mea-
surements), which was similar to the decrease in ICa
during paired APW with the same interval (85% ± 2%,
n = 6). The decrease in the 2nd calcium transient was
not caused by saturation of the indicator, because the
peak [Ca2+]i induced by the pair of action potentials
was 184 ± 26 nM (n = 6), which was comparable to the
dissociation constant of fura-2 (273 nM) measured at
calyces (Helmchen et al., 1997). In summary, ICa reduc-
tion caused PPD during paired AP-e (Figure 1) and
paired action potentials (Figure 2).
Calcium-Induced Inhibition of P/Q-Type
Calcium Channels
The calyces we studied were from 8- to 10-day-old rats,
in which P/Q-type calcium channels are predominant
but coexist with N- and R-type channels (Iwasaki and
Takahashi, 1998; Wu et al., 1999). To determine whether
P/Q-type calcium currents are depressed, we examined
PPD in 13- to 14-day-old calyces, at which the only
calcium channel type is P/Q-type (Iwasaki and Taka-
hashi, 1998). At a paired-pulse interval of 500 ms, ICa
and EPSC were decreased to 78% ± 2% and 51% ±
10% (n = 4; Figures 3A and 3I), respectively, which were
similar to those obtained from 8- to 10-day old-rats
(ICa, 77% ± 2%; EPSC, 46% ± 7%; n = 7; Figures 1B
and 3I). These results suggest the involvement of P/Q-
type channels.
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636Figure 3. Calcium/Calmodulin-Dependent
ICa Inhibition
Sampled ICa (upper) and/or EPSC (lower) in-
duced by paired AP-e at the interval of 0.5 s
in a variety of conditions (left). The 1st
(black) and the 2nd (red) responses are su-
perimposed in the right. The timescales in
the left and the right of (A) also apply corre-
spondingly to (B)–(H). (A) From a 13-day-old
rat, in which P/Q-type channels are the ex-
clusive calcium channel type (Iwasaki and
Takahashi, 1998). (B) Paired AP-e was re-
placed by a pair of 1 ms depolarization from
−80 to −5 mV. The deflections in the EPSC
trace were artifacts. (C) A calcium buffer,
BAPTA (10 mM), was added in the pipette
solution. (D) The extracellular calcium was
replaced with barium (2 mM). (E–G) A cal-
modulin inhibitor, MLCK peptide (MLCK pep;
30 M; [E]), a scrambled MLCK pep (30 M;
[F]), or a calmodulin binding domain peptide
(CBP pep; 200 M; [G]) was added into the
pipette solution. (H) An organic calmodulin
inhibitor, calmidazolium (Calm.; 20 M) was
added into the extracellular solution. (I) The
2nd ICa charge, normalized to the 1st one,
during paired-pulse stimulation (interval, 500
ms) in various conditions shown in (A)–(H)
and in control (Ctrl; 8–10 days old). A Stu-
dent’s t test was performed between each
condition and the control, and its statistical
significance was labeled (*p < 0.05; **p <
0.01). The error bars are the standard error
of the mean.ICa could be inhibited by glutamate, ATP, and pro- I
itons released during vesicle fusion, or by voltage- or
calcium-dependent inactivation (Patil et al., 1998; I
iPalmer et al., 2003; Engelman and MacDermott, 2004).
To distinguish these possibilities, paired 1 ms pulses to I
7−5 mV with an interval of 500 ms were applied to induce
small calcium currents that evoked no EPSCs (Figure i
i3B). Compared to the 1st ICa charge, the 2nd one was
decreased to 75% ± 3% (n = 5; Figure 3B), similar to
athat observed during paired AP-e (Figure 3I). Thus, ICa
depression was not caused by vesicle fusion. When a c
Lcalcium chelator, BAPTA (10 mM), was added to the
presynaptic pipette solution, the 2nd ICa during paired p
tAP-e with an interval of 500 ms was decreased to
95% ± 3% (n = 5; Figures 3C and 3I), which was signifi- a
3cantly larger than control (Figure 3I). Similarly, when the
extracellular calcium was replaced with barium, the 2nd (
abarium current charge at the interval of 500 ms was
decreased to 93% ± 2% (n = 5; Figures 3D and 3I), l
wsuggesting that ICa reduction was induced by calcium.
This conclusion is not necessarily in conflict with the o
sobservation that reducing the 1st ICa did not relieveCa depression (Figures 3B and 3I), because calcium-
nduced ICa inhibition might be nonlinearly related to
Ca charge such that inhibition induced by a small ICa
s close to saturation. Consistent with this possibility,
Ca at 0.5 s after 20 AP-e at 30 Hz was reduced to
3% ± 6% (n = 4; see Figure 4C, right), which was sim-
lar to ICa depression (77% ± 2%; n = 7) observed dur-
ng paired AP-e with an interval of 0.5 s.
Calcium binding with calmodulin, which is preassoci-
ted with calcium channels, may cause inactivation of
alcium channels (Lee et al., 1999; DeMaria et al., 2001;
iang et al., 2003). To determine whether this signaling
athway is involved, we tested three calmodulin inhibi-
ors during paired AP-e with an interval of 500 ms. A 17
mino acid myosin light chain kinase peptide (MLCK;
0 M; Calbiochem), a specific inhibitor of calmodulin
Torok and Trentham, 1994), was added to the presyn-
ptic pipette solution. The effect reached a plateau
evel in 2–3 min after break-in. The 2nd ICa and EPSC
ere decreased to 90% ± 4% and 71% ± 7% of the 1st
ne (n = 4; Figures 3E and 3I), respectively, which were
ignificantly larger than control (Figures 1B and 3I). In
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(A) (Left) Sampled ICa (upper) and EPSC (lower) induced by ten AP-e at 2 Hz, followed by an AP-e at an interval to test for the recovery.
(Middle and right) ICa charge (open circles) and the EPSC amplitude (black triangles) during (middle) and after (right) ten AP-e at 2 Hz (n =
8). The measured ICa charge was also raised to a power of 3.6 (red). The EPSC induced by presynaptic fiber stimulation (EPSCfiber) at 2 Hz
was also plotted (gray triangles; n = 6; see [E] for an example). Labels for the horizontal axis are shown in (D). Data were normalized to the
first response. The error bars are the standard error of the mean.
(B–D) STD induced by 10 AP-e at 10 Hz ([B]; n = 7) or 20 AP-e at 30 Hz ([C]; n = 13) or 100 Hz ([D]; n = 13). Arrangements are the same as in
(A), except in (C) and (D), where the horizontal axis for the data after the train is also plotted in logarithmic scale (right). The amplitude of
EPSCfiber at 10, 30, and 100 Hz was also plotted (gray triangles; n = 3–6; see [E] for examples). Kynurenate (1 mM) and cyclothiazide (100
M) were added in (C) and (D). The error bars are the standard error of the mean.
(E) Sampled EPSC induced by fiber stimulation at 2–100 Hz from a single synapse. Kynurenate and cyclothiazide were added for the right
two traces. Vertical scales in the left and the right apply to the left and the right two panels, respectively.contrast, when scrambled MLCK peptide (30 M) was
added into the pipette solution, the 2nd ICa (81% ± 1%;
n = 4) was similar to control (Figures 3F and 3I). Similar
results were obtained when a calmodulin binding do-
main peptide (CAM kinase II 290–309; Yazawa et al.,
1992; Sakaba and Neher, 2001) was included into the
pipette solution (200–300 M; 2nd ICa, 88% ± 2%; n =
7; Figures 3G and 3I) or an organic calmodulin inhibitor,
calmidazolium (Calbiochem), was added to the extra-cellular solution (20 M; 2nd ICa, 90% ± 3%; n = 4;
Figures 3H and 3I). These results suggest the involve-
ment of calmodulin in calcium-induced ICa inhibition.
ICa Reduction Largely Accounts for STD Induced
by AP-e Trains
To determine whether our findings on PPD apply to
STD, we applied 10 to 20 AP-e at 2–100 Hz to induce
STD, followed at various intervals by an AP-e to test for
Neuron
638recovery (Figure 4). At >10 Hz, we added both kynure- s
bnate (1 mM) and cyclothiazide (100 M; Figures 4C and
4D) (Scheuss et al., 2002) or only kynurenate (1 mM) H
T(Wong et al., 2003) to the bath to avoid postsynaptic
AMPA receptor desensitization (for detail, see the Sup-
mplemental Data available with this article online). These
two drugs did not affect STD during %10 Hz trains t
a(data not shown, but see Von Gersdorff et al., 1997;
Scheuss et al., 2002). Thus, some experiments for 10 t
mHz trains (Figure 6A) were done in the presence of
these drugs. a
bDuring and after 10 to 20 AP-e at 2–30 Hz, we found
that ICa reduction paralleled EPSC depression (Figures i
E4A–4C). Based on Equation 1, the measured ICa was
raised to a power of 3.6 (Figure 4, red triangles), which o
iwas similar to (2–10 Hz; Figures 4A and 4B, black trian-
gles) or slightly larger than (30 Hz; Figure 4C, black tri- 3
tangles) the measured EPSC. These results suggest that
ICa reduction largely accounts for STD during and after 6
t10 to 20 AP-e at %30 Hz. During 20 AP-e at 100 Hz,
ICa was facilitated as previously reported (Borst and r
dSakmann, 1998; Cuttle et al., 1998), whereas the EPSC
was initially facilitated, then depressed (Figure 4D, left)
t(see also Forsythe et al., 1998). After the 100 Hz train,
however, ICa was reduced, which paralleled the EPSC p
1depression (Figure 4D, right). Replacing the measured
ICa into Equation 1 predicted an EPSC that was slightly i
7larger than the measured EPSC >2 s after the 100 Hz
train (Figure 4D, right), suggesting that ICa inhibition t
(was the dominant mechanism underlying ESPC de-
pression during most recovery phase. In addition, STD 2
Winduced by AP-e trains (Figures 4A–4D, black triangles)
was similar to that induced by presynaptic fiber stimu- a
9lation, in which the calyx was intact (Figures 4A–4D,
gray triangles; Figure 4E), suggesting that presynaptic 6
uwhole-cell dialysis does not affect STD (see Experimen-
tal Procedures for detail). We concluded that ICa reduc- R
ation was the major mechanism causing STD during and
after %30 Hz trains and 2 s after 100 Hz trains, but not c
nduring the 100 Hz train.
The above experiments were performed at room tem- P
pperature (22°C–24°C). To determine whether ICa de-
pression also causes STD at body temperature, we re- H
upeated experiments shown in Figures 1C, 4A, and 4B
at 35°C–37°C. At 35°C–37°C, an AP-e induced a pre- t
synaptic ICa of 2.4 ± 0.3 pC (n = 6) and an EPSC of
8.0 ± 1.2 nA (n = 6; Figures 5A and 5B). The n value in s
pEquation 1, as obtained with experiments similar to
those shown in Figure 1C (left), was 3.0 (seven syn- b
uapses; Figure 5C). The kinetics and the steady-state
depression of both ICa and the EPSC during ten AP-e t
(at 2 (Figure 5A) and 10 Hz (Figure 5B) were similar to
those obtained at 22°C–24°C (Figures 4A and 4B). r
tBased on Equation 1, the measured ICa raised to a
power of 3 matched well with the measured EPSC (Fig- (
1ures 5A and 5B). These results suggest that ICa depres-
sion caused STD at 35°C–37°C, similar to results ob- Z
0tained at room temperature.
The results shown in Figure 4 led to four predictions 2
tthat can not be derived from the depletion model. First,
STD should be largely relieved if ICa reduction is re- 8
rmoved. Second, STD should remain the same when the
initial release is decreased. Third, an AP-e should cause o
1minimal depletion, and a large fraction of the RRPhould remain at%30 Hz trains. Finally, the RRP should
e depleted significantly at the end of 20 AP-e at 100
z but recover significantly within 2 s after the train.
hese predictions were confirmed in the following.
First, we increased the voltage of the last AP-e by 2–5
V during ten AP-e at 10 Hz and 20 AP-e at 30 Hz such
hat the resulting ICa was 98% ± 2% (n = 5; Figure 6A)
nd 99% ± 1% (n = 5; Figure 6B) of that induced by
he 1st AP-e, respectively. The EPSC induced by this
odified AP-e was 93% ± 14% (n = 5; e.g., Figure 6A)
nd 85% ± 12% (n = 5; e.g., Figure 6B) of that induced
y the 1st AP-e during 10 and 30 Hz trains, respectively,
ndicating that compensating ICa largely relieves the
PSC depression. Second, we decreased the voltage
f every AP-e during 10 Hz trains by 2–4 mV. The EPSC
nduced by one such modified AP-e was reduced to
9% ± 4% (n = 7; Figure 6C), whereas depression of
he EPSC during the modified AP-e train (n = 7; Figure
C, right; Figure 6D, red) was similar to that during con-
rol AP-e train (Figure 6C, left; Figure 6D, black). These
esults indicated that STD at 10 Hz trains was indepen-
ent of the initial release probability.
Third, a 10 ms pulse to +10 mV was applied to calyces
o deplete the RRP (see Experimental Procedures). De-
letion of the RRP increased the capacitance by 445 ±
9 fF (n = 5; Figure 7A, left), whereas a single AP-e
ncreased the capacitance by 21 ± 4 fF (n = 5; Figure
A, right) or 4.7% ± 1.2% (n = 5) of the RRP. This frac-
ion, similar to estimates with EPSC measurements
Schneggenburger et al., 2002; Trommershauser et al.,
003), was too small to significantly contribute to PPD.
e also measured the RRP size at the 10th or 20th AP-e
t 2, 10, 30, and 100 Hz (Figure 7B). The RRP size was
5% ± 5% (n = 5), 80% ± 10% (n = 5), 76% ± 3% (n =
), and 47% ± 7% (n = 5) of control, respectively (Fig-
res 7B and 8D). Thus, as predicted, depletion of the
RP was minor after trains at %30 Hz, but significant
fter 100 Hz trains. Finally, we found that the RRP re-
overy after 20 AP-e at 30 or 100 Hz followed a biexpo-
ential function (Figures 8C and 8D; see Experimental
rocedures for fitting results), which was similar to our
revious report (Wu and Wu, 2001). At 2 s after the 100
z train, the RRP recovered to 81% ± 12% (n = 4; Fig-
res 7C and 7D) of control. Thus, as predicted, deple-
ion plays a minor role >2 s after the 100 Hz train.
Our results contradict a widely held view that steady-
tate depression is caused by the balance between de-
letion and replenishment of the RRP (Schneggen-
urger et al., 2002; Zucker and Regehr, 2002). To better
nderstand the reason, we constructed a simple deple-
ion model with the assumption of a constant ICa, F
the fraction of the RRP being released by an AP-e),
ate of replenishment, and quantal size (see Experimen-
al Procedures for detail). Similar to previous studies
Elmqvist and Quastel, 1965; Kusano and Landau,
975; Dittman and Regehr, 1998; Weis et al., 1999;
ucker and Regehr, 2002), when F was adjusted (to
.35) such that the model predicted depression during
Hz trains, the model predicted much smaller EPSCs
han observed at higher frequencies (Figures 8A and
B). Rather than correcting this deficiency by incorpo-
ating a calcium-dependent replenishment as in previ-
us studies (Dittman and Regehr, 1998; Weis et al.,
999; Zucker and Regehr, 2002), we allowed for
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639Figure 5. STD at Near Physiological Temper-
ature
(A and B) (Left) Sampled ICa and EPSC in-
duced by ten AP-e at 2 (A) and 10 Hz (B).
(Right) ICa charge (open circles) and the
EPSC amplitude (black triangles) during ten
AP-e at 2 Hz (n = 6; [A]) and 10 Hz (n = 6; [B]).
The measured ICa charge was also raised to
a power of 3 (red), which was obtained from
(C). The error bars are the standard error of
the mean.
(C) The relation between the normalized
EPSC amplitude and the ICa charge (seven
synapses) induced by various 1 ms depolar-
izing pulses. The data were fit with a linear
regression line (slope = 3) in a double loga-
rithmic scale. Experiments in (A)–(C) were
performed at 35°C–37°C.tion to STD by a combination of approaches, including 2–100 Hz AP-e trains (Figure 8). This result is apparently
Figure 6. The Effects of Changing Calcium
Currents on STD
(A) ICa and EPSC induced by ten AP-e (1 ms
pulse depolarized by 82 mV) at 10 Hz with
the 10th pulse adjusted to 85 mV of depolar-
ization. The 1st, 9th, and 10th responses are
superimposed (right). The bath solution con-
tained cyclothiazide and kynurenate (applies
to [B]).
(B) ICa and EPSC induced by 20 AP-e at 30
Hz with the 20th AP-e voltage pulse adjusted
to 85 mV. The 1st, 19th, and 20th responses
are superimposed.
(C) Sampled ICa and EPSC induced by ten
AP-e (1 ms, 82 mV; left), or ten pulses of 1
ms depolarization by 78 mV (right) at 10 Hz
from the same synapse.
(D) The EPSC amplitude (normalized) during
ten AP-e (82 mV; black) or ten pulses of 1 ms
depolarization by 78–80 mV (red) at 10 Hz.
The error bars are the standard error of the
mean.changes in ICa. To make the model more realistic, we
replaced all free parameters, including the ICa (Figure
4), the rate of replenishment (Figures 7C and 7D), and
the initial F value (4.7%) with experimentally measured
values. Thus, without free parameters, the model pre-
dicted EPSCs during various frequency trains (Figure
8C) that matched approximately the observed kinetics
and steady-state depression (Figure 8A). The model
also predicted the RRP size (Figure 8D, open symbols)
at the end of AP-e trains that matched approximately
to the measured RRP (Figure 8D, solid symbols). These
results suggest that the simple depletion model incor-
porating ICa reduction is sufficient to account for the
steady-state depression at various frequencies. Clearly,
the low initial F (4.7%) and its further decrease by ICa
inhibition minimize depletion during %30 Hz AP-e
trains. If the initial F value was set to an unusually high
value, such as 15%, the model predicted a significant
depletion during 30 Hz trains (data not shown). Thus,
the contribution of depletion to STD depends on the
initial F value.
Discussion
We studied the contribution of depletion and ICa reduc-measuring ICa, calcium influx, and the RRP size at the
calyx, testing the effect of a change in the presynaptic
ICa on STD, and constructing a model with all parame-
ters measured experimentally. We found that calcium-
induced ICa reduction was the primary cause of STD
during and after 2 to 20 AP-e at 0.2–30 Hz and 2 s after
20 AP-e at 100 Hz. Only during AP-e at R100 Hz was
depletion the primary underlying mechanism.
Comparison with Studies at the Calyx of Held
Our results seem surprising considering that they were
not reported in many previous studies at calyces where
ICa can be recorded (Von Gersdorff et al., 1997; For-
sythe et al., 1998; Wang and Kaczmarek, 1998; Borst
and Sakmann, 1998; Cuttle et al., 1998; Wu and Borst,
1999; Schneggenburger et al., 1999; Sakaba and Neher,
2001; Scheuss et al., 2002; Wong et al., 2003). In previ-
ous studies, however, the relation between the presyn-
aptic ICa and STD during AP-e trains at lower-frequency
ranges (<50 Hz) has not been studied systematically. In
this respect, our results do not contradict previous ex-
perimental observations.
Our model, a simple depletion model combined with
ICa depression, is sufficient to account for STD during
Neuron
640in conflict with two modeling studies at calyces (Weis
et al., 1999; Trommershauser et al., 2003). Both studies
simulated the experimentally observed frequency-
dependent STD during 0.2–10 Hz action potential trains
from a study by Von Gersdorff et al. (1997), in which the
presynaptic ICa was not recorded. Both models did not
consider ICa depression as a mechanism. As in many
previous studies (Zucker and Regehr, 2002), both mod-
eling works found that the simple depletion model pre-
dicts much higher depression than observed during
higher-frequency firing. To correct this discrepancy,
Weis et al. (1999) modified the simple depletion model
by assuming that the rate of replenishment strongly de-
pends on the volume-averaged [Ca]i. The model pre-
dicts that addition of exogenous calcium buffers slows
the kinetics of STD. This prediction, however, was
proved incorrect experimentally (Weis et al., 1999),
leading to the conclusion that the model is incorrect,
which is consistent with our results. Weis et al. (1999)
proposed that replenishment depends on local [Ca]i
near release sites, which is difficult to measure experi-
mentally. Trommershauser et al. (2003) modified the
simple depletion model by assuming a weak depen-
dence of replenishment on the volume-averaged [Ca]i,
as found by Sakaba and Neher (2001). The model could
Fnot account for the experimentally observed STD dur-
ing low-frequency firing, suggesting that calcium- (
cdependent replenishment, although present, does not
Splay a significant role (Trommershauser et al., 2003).
(This suggestion is consistent with our results that ICa
(
depression is sufficient to account for depression at f
lower-frequency firing. Trommershauser et al. (2003) (
Ifurther modified the model to include heterogeneous
τrelease probabilities of vesicles in the RRP. The model
scontains some parameters not confirmed experimen-
(tally. For example, the heterogeneous release prob-
b
ability was experimentally measured during prolonged A
depolarizing pulses with a pipette solution containing a a
bhigh concentration (500 M) of a calcium buffer, EGTAFigure 7. Depletion Is Not a Major Mecha-
nism Underlying STD
(A) Presynaptic capacitance jumps (Cm) in-
duced by a 10 ms depolarization (depol) to
+10 mV (left), and by an AP-e (right). The re-
sults indicate minimal depletion by an AP-e.
(B) (Upper) Cm induced by a 10 ms depolar-
ization to +10 mV (arrows) applied in control
(left, red) or at the 20th AP-e at 100 Hz (mid-
dle, black). These traces are superimposed
with red trace shifted (right). (Lower) Cm in-
duced by a 10 ms depolarization to +10 mV
(arrows) in control (red, baseline shifted), at
20th AP-e at 30 Hz (left; black), and at 10th
AP-e at 10 Hz (middle, black) or 2 Hz (right,
black). The bars indicate the duration of
AP-e trains, and thus the timescale. These
results showed minor depletion after %30
Hz trains.
(C) Capacitance jumps (RRP) induced by a
10 ms depolarization to +10 mV (arrows) ap-
plied in control (left) and at 500 ms (middle)
or 20 s (right) after 20 AP-e at 100 Hz (mid-
dle, bar; right, triangle). The timescale in left applies to the middle trace. The vertical scale applies to all traces.
(D) The RRP recovery after 20 AP-e at 30 (triangles) and 100 Hz (circles), measured as those shown in (C), was fit with a biexponential function
(red; fitting results in Experimental Procedures). The error bars are the standard error of the mean.igure 8. A Model with Depletion and ICa Inhibition
A) Measured mean EPSC amplitude during AP-e trains at 2 (cir-
les), 10 (triangles), 30 (squares), and 100 (inverse triangles) Hz.
ymbols and scales also apply to (B) and (C).
B) The EPSC amplitude predicted from the simple depletion model
Equations 3–4; F1 = 0.35, τ = 3 s) shows more depression at higher-
requency trains as compared to (A).
C) The EPSC amplitude predicted from a model with depletion and
Ca inhibition (Equations 3, 5, and 6; F1 = 0.047, c1 = 0.33, c2 = 0.67,
1 = 0.51 s, τ2 = 6.7 s; ICa taken from the measured mean value) is
imilar to the measured EPSC in (A).
D) RRP size predicted from the model with depletion and ICa inhi-
ition (open symbols) and the measured RRP size at the end of
P-e trains at various frequencies (solid symbols; circles, 2 Hz; tri-
ngles, 10 Hz; squares, 30 Hz; inverse triangles, 100 Hz). The error
ars are the standard error of the mean.
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this result applies to intact terminals where experimen-
tally observed STD was obtained for simulation (Von
Gersdorff et al., 1997). Most critically, the model as-
sumes a constant ICa during stimulation, which is in-
correct as shown in the present work.
Our model well accounted for STD, particularly dur-
ing lower-frequency ranges (2–30 Hz). At higher-fre-
quency firings, however, our model might not be accu-
rate, because calcium-dependent replenishment and
heterogeneous release probability, both of which were
not considered in our model, might play a role. Given
the weak dependence of replenishment on the volume-
averaged [Ca]i (Sakaba and Neher, 2001), perhaps only
very high-frequency firing may increase [Ca]i suffi-
ciently to significantly speed up replenishment. Consis-
tent with this possibility, calcium-dependent recovery
from STD was found only after trains at 300 but not
100 Hz at calyces (Wang and Kaczmarek, 1998). The
heterogeneous release probability is best demon-
strated when the RRP is significantly depleted (Wu and
Borst, 1999; Sakaba and Neher, 2001). Consequently, a
heterogeneous RRP would be less effective in causing
STD when depletion is minimal, and vise versa. Consis-
tent with this prediction, depletion was minimal or mi-
nor at 2–30 Hz AP-e trains (Figure 8D), during which
STD was mainly caused by ICa reduction (Figure 4). De-
pletion was significant during AP-e trains at 100 Hz
(Figure 8D, inversed triangles), during which our model
predicted slightly larger EPSCs (Figure 8C, red) than
measured (Figure 8A, red). This minor discrepancy
could, in principle, be due to heterogeneous release
probability.
Comparison with Studies at Other Synapses
We found that STD during %30 Hz and R100 Hz AP-e
trains was mainly caused by ICa reduction and deple-
tion of the RRP, respectively. The frequency range at
which one mechanism is dominant depended on the
initial release probability. The initial release probability
was 4.7% at calyces. A significant increase of this
probability, as predicted from simulation, would lower
the frequency range at which depletion becomes domi-
nant. Giving that the initial release probability may vary
among different synapses and recording conditions,
our findings may help to reconcile the debate on
whether depletion or a depletion-independent mecha-
nism causes STD in the literature. Depletion was clearly
demonstrated in strong stimulation conditions, such as
a hypertonic challenge, a prolonged depolarization at
the nerve terminal, and a prolonged high-frequency
train of action potentials (Stevens and Tsujimoto, 1995;
Rosenmund and Stevens, 1996; Von Gersdorff and
Matthews, 1997; Wu and Borst, 1999; Schneggen-
burger et al., 1999; Foster and Regehr, 2004). An in-
crease of the extracellular calcium concentration,
which increase the initial release probability, often en-
hances STD (Zucker and Regehr, 2002). This result, al-
though not necessarily ruling out ICa depression, sug-
gests that depletion is a major mechanism causing
STD. It is unclear whether ICa depression also contrib-
utes to STD in these studies. On the other hand, experi-
mental observations inconsistent with the depletionmodel were reported, suggesting that depletion-indepen-
dent mechanisms may also cause STD (Zucker and Re-
gehr, 2002). ICa depression, as found in the present
work, provides an explanation to these observations.
Four examples are given below.
First, ICa depression may be a mechanism mediating
the decreased release probability during STD, which
has been repeatedly observed (Zucker and Regehr,
2002). Second, ICa depression may cause STD inde-
pendently of the initial release probability (e.g., Figures
6C and 6D), as reported at some synapses (Bellingham
and Walmsley, 1999; Waldeck et al., 2000; Brody and
Yue, 2000; Kraushaar and Jonas, 2000; Chen et al.,
2004). Third, ICa reduction may explain a paradox in-
consistent with the depletion model, in which the func-
tional and the anatomical estimate of the RRP is about
7 to 50 vesicles per release site (or active zone or bou-
ton), whereas a single action potential, which often re-
leases less than one vesicle per release site, causes
subsequent depression as large as 30%–60% at syn-
apses, such as hippocampal and cerebellar synapses,
neuromuscular junctions (reviewed in Zucker and Re-
gehr, 2002), and calyces (e.g., Figures 1A and 7A).
Fourth, a simple depletion model proposed 5 decades
ago (Liley and North, 1953) predicts more steady-state
depression than observed during higher-frequency fir-
ing at many synapses (Elmqvist and Quastel, 1965; Ku-
sano and Landau, 1975; Dittman and Regehr, 1998;
Weis et al., 1999). This model is thus modified to in-
clude a calcium-mediated (Dittman and Regehr, 1998;
Stevens and Wesseling, 1998; Wang and Kaczmarek,
1998; Sakaba and Neher, 2001) frequency-dependent
increase of replenishment (Elmqvist and Quastel, 1965;
Kusano and Landau, 1975; Dittman and Regehr, 1998;
Weis et al., 1999; Trommershauser et al., 2003). Our re-
sults provide an alternative to correct the discrepancy
between the prediction from the simple depletion
model and the experimentally observed STD at various
firing frequencies. We found that a simple depletion
model combined with ICa depression is sufficient to ac-
count for STD at various firing frequencies at calyces
(Figure 8).
Although ICa depression provides an explanation to
many observations listed above, whether it really oc-
curs remains unclear, because most nerve terminals are
too small to record ICa. However, there are a few ex-
ceptions. At squid giant axons, ICa depression was not
observed during STD (Charlton et al., 1982). Unfortu-
nately, the fidelity of ICa recordings in this early pioneer
study seems insufficient to resolve a 10%–20% reduc-
tion, which could fully account for STD based on the
highly nonlinear relation between release and ICa (Wu
and Saggau, 1997). At goldfish retinal bipolar nerve ter-
minals, inactivation of L-type calcium currents was ob-
served after a prolonged depolarizing pulse that de-
pleted the RRP (Von Gersdorff and Matthews, 1997).
Since depletion is the dominant mechanism in this con-
dition (Von Gersdorff and Matthews, 1997), the contri-
bution of ICa inactivation to STD may be obscured.
Similar results were obtained at calyces, where deple-
tion obscured the contribution of ICa depression during
prolonged depolarization (Wu and Borst, 1999). At cul-
tured single GABAergic boutons, depression of the pre-
synaptic calcium influx partly parallels PPD, consistent
Neuron
642with ICa inactivation at these boutons (Kirischuk et al., i
t2002). Thus, depression of ICa or calcium influx occurs
at nerve terminals other than calyces. Two additional a
spieces of indirect evidence are consistent with this no-
tion. First, the stimulation (2 to 20 AP-e at 0.2–100 Hz) p
tthat we used covers most of the stimulation conditions
used to induce STD in the literature (Zucker and Re- T
tgehr, 2002). Recombinant P/Q-, N-, and R-type calcium
channels inactivate significantly during action potential c
atrains (Patil et al., 1998). Thus, ICa reduction during ac-
tion potential trains is not limited to the calyx. Second,
we found that ICa inhibition was mediated by calcium
Eand involved at least P/Q-type calcium channels. This
calcium channel type is located at many nerve ter- S
minals (Dunlap et al., 1995). Calcium-dependent inacti- A
avation of P/Q-, N-, R-, and L-type calcium channels is
lwidely observed at neuronal somata and cultured cells
texpressing these channels (Lee et al., 1999; DeMaria et
mal., 2001; Liang et al., 2003; Lee et al., 2003). Therefore,
t
calcium-dependent ICa inactivation is a general prop- t
erty for various types of voltage-gated calcium chan- t
pnels. Taken together, it seems possible that ICa inacti-
avation may occur at many nerve terminals. However,
Frecording from these nerve terminals is needed to test
sthis possibility.
a
a
(The Mechanism Underlying a Decrease
win the Presynaptic ICa
AWe found that ICa reduction during repetitive AP-e train
0was mediated by calcium. Potent calmodulin inhibitors,
A
including MLCK peptide, a calmodulin binding domain A
peptide, and an organic inhibitor, calmidazolium, par- c
itially relieved ICa depression (Figure 3). These results
ware consistent with the involvement of calmodulin in
cmediating calcium-induced ICa depression. Since the
rrelief of ICa depression by calmodulin inhibitors was
m
partial (Figure 3), the involvement of other calcium- S
dependent mechanisms can not be excluded. As in
pother studies (Morgan et al., 1999; e.g., Sakaba and
gNeher, 2001), the concentration of calmodulin peptide
ainhibitors used here was much higher than their binding
aaffinity to calcium channels measured in vitro (Yazawa
s
et al., 1992; Torok and Trentham, 1994). This probably (
reflects tight interaction between calcium channels and p
Tcalmodulin in vivo (Lee et al., 1999; Zuhlke et al., 1999;
KDeMaria et al., 2001), which limits the access of pep-
2tides to calcium channels at nerve terminals. Since
scalcium channel inactivation can also be mediated by a
n
neuronal calcium binding protein 1, which shares about a
56% amino acid sequence identity with calmodulin (Lee [
cet al., 2002), the possibility that calmodulin peptide in-
0hibitors also act on the calcium binding protein 1 can
anot be ruled out. However, the calcium binding protein
m1 modulates ICa without the requirement of calcium
N
(Lee et al., 2002), in contrast to calcium-induced ICa t
depression at calyces. Thus, we favor the possibility of a
ccalcium/calmodulin-mediated calcium channel inacti-
Nvation.
(Transmitter release is highly nonlinearly related to
ccalcium influx (Neher, 1998). Accordingly, it has been
[
speculated that regulation of presynaptic calcium (
channels is an economic way to achieve various forms m
iof synaptic plasticity. However, such examples are lim-ted. Although ICa facilitation was found during short-
erm facilitation (Borst and Sakmann, 1998; Cuttle et
l., 1998), whether it is the major mechanism underlying
hort-term facilitation is unclear. ICa depression was
reviously found to only partially contribute to STD af-
er a prolonged firing at 100 Hz (Forsythe et al., 1998).
he present work provides a good example showing
he important role of regulation of presynaptic calcium
hannels in mediating synaptic plasticity-STD during
nd after a wide range of firing conditions.
xperimental Procedures
lice Preparation, Electrophysiology, and Optical Recordings
ll methods were described previously (Sun and Wu, 2001; Sun et
l., 2004). Briefly, Wistar rats (8–10 days old) were decapitated. Un-
ess mentioned, parasagittal slices of 200 m thick were cut from
he auditory brainstem with a vibratome, and recordings were
ade at room temperature (23°C–25°C). Holding potential for both
he pre- and the postsynaptic recordings was −80 mV, and the po-
ential was corrected for a liquid junction potential of −11 mV be-
ween the extracellular and the pipette solution. We recorded the
resynaptic Ca2+ current and capacitance with the EPC-9 amplifier
nd the software lock-in amplifier (HEKA, Lambrecht, Germany).
or capacitance measurements, the frequency of the sinusoidal
timulus (peak-to-peak voltage 60 mV) added to the holding volt-
ge (−80 mV) was 1000 Hz, and calyces showing either a mono- or
biexponential decay in their passive current transients were used
Sun et al., 2004). For calcium current recordings, leak subtraction
as done with a P/10 protocol either before or 2 s after stimulation.
t 5 ms after an AP-e, the membrane conductance increased by
.05–0.2 nS (n = 9), which decayed by >70% within 10 ms after an
P-e and decayed to the baseline in <30 ms. Thus, for trains of
P-e at %30 Hz, the leak subtraction was not contaminated by
hanges in the membrane conductance. For AP-e (82 mV depolar-
zation) trains at 100 Hz, the small conductance increase (<0.06 nS)
ould produce an insignificant leak subtraction error (<5 pA) as
ompared to the amplitude of the calcium current (w2–3 nA). We
ecorded the EPSC with Axopatch 200B amplifier (Axon Instru-
ents Inc, Foster City, CA). Data were expressed as mean ± SEM.
tatistical test was Student’s t test.
For recording calcium currents and capacitance, the presynaptic
ipette (3.5–5 M) solution contained the following: 125 mM Cs-
luconate, 20 mM CsCl, 4 mM MgATP, 10 mM Na2-phosphocre-
tine, 0.3 mM GTP, 10 mM HEPES, 0.05 mM BAPTA (pH 7.2,
djusted with CsOH). When 10 mM BAPTA was added to the pre-
ynaptic pipette solution, the osmolarity was maintained constant
305–315 mOsm) by adjusting Cs-glutamate concentration. The
resynaptic series resistance (<15 M) was compensated by 65%.
he bath solution contained 105 mM NaCl, 20 mM TEA-Cl, 2.5 mM
Cl, 1 mM MgCl2, 2 mM CaCl2, 25 mM NaHCO3, 1.25 mM NaH2PO4,
5 mM dextrose, 0.4 mM ascorbic acid, 3 mM myo-inositol, 2 mM
odium pyruvate, 0.001 mM tetrodotoxin (TTX), 0.1 mM 3,4-diami-
opyridine, 0.05 mM D-APV (pH 7.4 when bubbled with 95% O2
nd 5% CO2). For recording presynaptic action potentials and/or
Ca2+]i, the presynaptic pipette solution contained 125 mM K-glu-
onate, 20 mM KCl, 4 mM MgATP, 10 mM Na2-phosphocreatine,
.3 mM GTP, 10 mM HEPES, 0.05 mM BAPTA (or fura-2) (pH 7.2,
djusted with KOH). The bath solution contained 125 mM NaCl, 2.5
M KCl, 1 mM MgCl2, 2 mM CaCl2, 25 mM NaHCO3, 1.25 mM
aH2PO4, 25 mM dextrose, 0.4 mM ascorbic acid, 3 mM myo-inosi-
ol, 2 mM sodium pyruvate (pH 7.4 when bubbled with 95% O2
nd 5% CO2). For recording EPSCs, the pipette (2–3 M) solution
ontained 125 mM K-gluconate, 20 mM KCl, 4 mM MgATP, 10 mM
a2-phosphocreatine, 0.3 mM GTP, 10 mM HEPES, 0.5 mM EGTA
pH 7.2, adjusted with KOH). The series resistance (<15 M) was
ompensated by 95% (lag 10 s). Fura-2 fluorescence and thus the
Ca2+]i were detected with a photodiode as described previously
Wu and Borst, 1999), but with an Olympus upright epifluorescence
icroscope (BX50WI, LUMPlanFI 40×, NA 0.8) and a polychromatic
llumination system (TILL Photonics, Munich, Germany).
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In most experiments, STD was induced via a presynaptic pipette in
the whole-cell configuration. For comparison, we also induced STD
without the presynaptic whole-cell dialysis. Transverse brainstem
slices were prepared. The action potential was induced by an
electrical stimulus (0.2 ms, 8–20 V) via a bipolar electrode posi-
tioned at the midline of the trapezoid body where presynaptic axon
fibers pass through. Such a fiber stimulus induced an EPSC of
6.8 ± 2.2 nA (n = 6). The kinetics and the steady-state level of STD
during 10 to 20 fiber stimuli at 2–100 Hz (Figures 4A–4D, gray trian-
gles; Figure 4E) were similar to those reported previously (Von
Gersdorff et al., 1997; Scheuss et al., 2002; Wong et al., 2003), and
to those induced via a presynaptic pipette (Figures 4A–4D, black
triangles). These results suggest that presynaptic whole-cell dialy-
sis does not affect induction of STD.
Capacitance Measurements
We measured the RRP size by capacitance measurements at the
calyx to avoid problems associated with postsynaptic receptor sat-
uration and desensitization. Since a vesicle pool can be depleted
by a 10 ms pulse to +10 mV or a high-frequency AP-e train, this
pool is defined as the RRP (Wu and Borst, 1999; Sun and Wu, 2001;
Sakaba and Neher, 2001). As obtained from capacitance measure-
ments, the RRP contains 3300 to 5500 vesicles (Sun and Wu, 2001),
which is in the same order as that (1500 to 4000) obtained by mea-
surements of AMPA receptor-mediated EPSCs in conditions that
reduce receptor saturation and desensitization (Sakaba and Neher,
2001). The slightly different estimates are likely due to differences
in the techniques as discussed previously (Schneggenburger et al.,
2002). To avoid capacitance artifacts, the first 50 ms after an AP-e
and the first 250 ms after a 10 ms depolarization or a train of AP-e
were neglected (Sun et al., 2004). Endocytosis during this interval
is negligible (Sun et al., 2002).
We measured the replenishment rate by applying a 10 ms depo-
larization to deplete the RRP at various intervals (t) after 20 AP-e
at 30–100 Hz. As the interval increased, the RRP size recovered
(Figures 7C and 7D). The recovery time course was fit well with a
biexponential function (Figure 7D):
RRPt = RRPt=0 + (RRPt=∞ − RRPt=0){c1[1
− exp(−t / τ1)] + c2[1− exp( − t / τ2)]} (2)
The parameters RRPt = 0, RRPt = N, c1, c2, τ1, and τ2 were 0.75,
0.99, 0.25, 0.75, 0.28 s, and 4.8 s, respectively, after 20 AP-e at 30
Hz, and were 0.52, 1.03, 0.33, 0.67, 0.51 s, and 6.7 s, respectively,
after 20 AP-e at 100 Hz. The biexponential time constants of these
fits were similar to previous reports (Wu and Borst, 1999; Sakaba
and Neher, 2001).
Simple Depletion Model
The simplest depletion model assumes a constant fraction (F) of
the RRP being released by an AP-e, a constant quantal size, a
constant rate of replenishment of the RRP, and a homogeneous
release probability of vesicles in the RRP (Zucker and Regehr,
2002). Thus,
EPSCi∝RRPi ∗ Fi (3)
where i denotes the number of AP-e during the train, Fi = F1. RRPi
was calculated recursively according to Weis et al. (1999)
RRPi = (1− Fi)RRPi−1 + [RRP1− (1
− Fi)RRPi−1][1− exp(−t / τ)] (4)
where RRP1 was set to 1 to yield normalized RRP size, t was the
interval between two neighboring AP-e, and τ was taken as the
time constant of the EPSC recovery after stimulation (Von Gersdorff
and Borst, 2002). With a typical τ of 3 s, we adjusted F1 until EP-
SCi = 10 at 2 Hz (Figure 8B) predicted from Equations 3–4 was the
same as observed (Figure 8A). With this F1 value (0.35), Equations
3–4 predicted much smaller EPSCi at higher frequencies (compar-
ing Figures 8A and 8B) similar to many previous studies (Zucker
and Regehr, 2002). Similar results were obtained when τ varied
from 2 to 20 s (data not shown).A Model Combining Depletion with ICa Depression
To improve the model, we modified the assumption of a constant
F as
Fi = F1 ∗ (ICai)n (5)
where F1 was taken as the mean ratio (4.7%) between capacitance
jumps evoked by an AP-e and a 10 ms depolarizing pulse, ICai was
the mean of the normalized ICa charge (Figure 4) measured during
AP-e trains at different frequencies, and n = 3.6, as obtained from
Equation 1. Since RRP recovered with a biexponential time course
(Figure 7D), RRPi was calculated recursively according to
RRPi = (1− Fi)RRPi−1 + {RRP1− (1− Fi)RRPi−1}{c1[1
− exp(−t / τ1)] + c2[1− exp(−t / τ2)]} (6)
where c1, c2, τ1, and τ2 were taken from the biexponential fitting of
the RRP recovery (Figure 7D) after 20 AP-e at 100 Hz using Equa-
tion 2. Thus, with all experimentally measured parameters (no free
parameters), Equations 3, 5, and 6 formed a model, which pre-
dicted EPSCi (Figure 8C) at 2–100 Hz AP-e trains that matched
approximately the observed data (Figure 8A). The RRPi predicted
from the model (Figure 8D, open symbols) matched approximately
to the capacitance measurements of the RRP size (Figure 8D, solid
symbols) at the end of AP-e trains at various frequencies, indicating
internal consistency of the model. Similar results were obtained
when c1, c2, τ1, and τ2 of Equation 6 were taken from the fit of
Equation 2 after 20 AP-e at 30 Hz or when F1 ranged from 3% to
8%. These results suggest that the simple depletion model incor-
porating ICa inhibition is sufficient to account for the major features
of STD during various frequencies of AP-e trains.
Supplemental Data
The Supplemental Data include Supplemental Discussion and one
supplemental figure and can be found with this article online at
http://www.neuron.org/cgi/content/full/46/4/633/DC1/.
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